Background and Purpose-The purpose of this study was to compare recanalization and reperfusion in terms of their predictive value for imaging outcomes (follow-up infarct volume, infarct growth, salvaged penumbra) and clinical outcome in acute ischemic stroke patients. Material and Methods-Twenty-two patients admitted within 6 hours of stroke onset were retrospectively included in this study. These patients underwent a first stroke CT protocol including CT-angiography (CTA) and perfusion-CT (PCT) on admission, and similar imaging after treatment, typically around 24 hours, to assess recanalization and reperfusion. Recanalization was assessed by comparing arterial patency on admission and posttreatment CTAs; reperfusion, by comparing the volumes of CBV, CBF, and MTT abnormality on admission and posttreatment PCTs. Collateral flow was graded on the admission CTA. Follow-up infarct volume was measured on the discharge noncontrast CT. The groups of patients with reperfusion, no reperfusion, recanalization, and no recanalization were compared in terms of imaging and clinical outcomes. Results-Reperfusion (using an MTT reperfusion index Ͼ75%) was a more accurate predictor of follow-up infarct volume than recanalization. Collateral flow and recanalization were not accurate predictors of follow-up infarct volume. An interaction term was found between reperfusion and the volume of the admission penumbra Ͼ50 mL. Conclusion-Our study provides evidence that reperfusion is a more accurate predictor of follow-up infarct volume in acute ischemic stroke patients than recanalization. We recommend an MTT reperfusion index Ͼ75% to assess therapy efficacy in future acute ischemic stroke trials that use perfusion-CT. (Stroke. 2010;41:e34-e40.)
R evascularization therapies in acute ischemic stroke patients, including intravenous and intraarterial thrombolysis and mechanical clot retrieval devices, aim to rescue the ischemic penumbra by restoring the patency of the occluded artery (recanalization) and the downstream capillary blood flow (reperfusion). Although referring to distinct concepts, the terms recanalization and reperfusion have been used interchangeably in acute stroke literature. 1 Evidence supporting the benefit of early revascularization therapies comes from previous studies showing that recanalization, if achieved early, predicts smaller infarct volume and better clinical outcomes. [2] [3] [4] [5] [6] However, it is increasingly being recognized that recanalization does not necessarily lead to reperfusion. [7] [8] [9] One reason may be that a primary clot can break into fragments that migrate and occlude smaller arterial branches downstream of the primary occlusive lesion. 10 Furthermore, even when recanalization is achieved, blood still may not flow because of tissue edema, microvascular damage, or microvascular thrombi in the capillary bed, which has been termed "no-reflow" phenomenon. [11] [12] [13] In contrast, reperfusion can occur (or perfusion can be transiently maintained) despite persistence of the primary occlusive lesion because of recruitment of collateral flow. 9, 14 The concept that restoration of capillary perfusion and adequate collateral flow predict smaller infarct volumes, and better clinical outcomes, whereas lack of reperfusion coupled with poor collateral flow predicts larger infarct volumes and worse clinical outcomes remains to be definitively proven.
The objective of this study was to determine whether reperfusion and collateral flow are more accurate predictors of imaging outcomes (follow-up infarct volume, infarct growth, salvaged penumbra) and clinical outcomes (discharge NIH stroke scale [NIHSS] and discharge modified Rankin score [mRS]) than recanalization.
Methods

Design
Imaging data obtained as part of standard clinical stroke care at our institution were retrospectively reviewed after approval of the institutional review board. At our institution, patients with suspicion of acute stroke and no history of significant renal insufficiency or contrast allergy routinely undergo a stroke CT protocol including noncontrast CT (NCT) of the brain, Perfusion-CT (PCT) at two cross-sectional positions, CT-angiogram (CTA) of the cervical and intracranial vessels, and postcontrast cerebral CT, obtained in this chronological sequence.
We retrospectively identified all consecutive patients admitted at our institution between July 2006 and July 2008 who met the following inclusion criteria: (1) admission to the emergency room with signs and symptoms suggesting hemispheric stroke within 12 hours after symptom onset; (2) completion of a stroke CT protocol on admission; (3) no evidence of intracerebral hemorrhage on the admission NCT; (4) a "recanalization/reperfusion" stroke CT protocol performed between 5 and 60 hours after the admission stroke CT protocol; and (5) discharge or follow-up noncontrast CT.
Clinical Variables and Outcomes
Patients' medical charts were reviewed for demographics, symptom onset time, time to admission, time to imaging, time to revascularization therapy, type of revascularization therapy, admission and discharge NIHSS scores, and discharge mRS.
Imaging Acquisition Protocol and Image Post-Processing
PCT and CTA studies were obtained on 64-slice CT scanners according to previously reported protocols. 15, 16 PCT data were analyzed using commercially available PCT software (Brain Perfusion, Philips Healthcare) according to a previously reported protocol. 17 
Image Analysis
Matching slices on the admission PCT, on the reperfusion PCT and on the discharge/follow-up noncontrast CT were used for assessment of admission perfusion, reperfusion, and follow-up infarct volume. CTA datasets were used for assessment of the site of occlusion, collaterals and recanalization.
Imaging Assessment of Admission Infarct Core and Penumbra
Volumes of infarct core and penumbra-as defined above-on the admission PCT slices were recorded.
Imaging Assessment of Reperfusion
Volumes V CBV , V CBF , and V MTT of abnormal CBV (CBV Ͻ2.0 mLϫ100g Ϫ1 ), abnormal CBF (CBF Ͻ66% of the contralateral, nonischemic MTT), and abnormal MTT (MTT Ͼ145% of the contralateral, nonischemic MTT) 17 on the admission PCT slices and on the matching reperfusion PCT slices were recorded.
With superscript indices ad for admission and re for reperfusion, CBV, CBF, and MTT indices of reperfusion are defined as follows and given in %:
Imaging Assessment of Site and Degree of Occlusion at Admission
On the admission CTA, the degree of occlusion in the internal carotid artery (ICA), supraclinoid ICA, and M1 and M2 segments was measured as a cross-section reduction of 0% to 100% compared to a nonaffected segment. Carotid occlusions (ICA and supraclinoid ICA) were considered separately from middle cerebral artery (MCA) occlusions (M1 and M2).
Imaging Assessment of Recanalization
On the recanalization CTA, the degree of occlusion in the ICA, supraclinoid ICA, and M1 and M2 segments was similarly measured.
If an occlusion was present on the admission CTA study, a recanalization index was calculated by subtracting the posttreatment degree of occlusion from the admission degree of occlusion. Recanalization of the carotid (ICA and supraclinoid ICA) and middle cerebral artery (M1 and M2) were considered separately. We defined recanalization as carotid recanalization index Ͼ50% or MCA recanalization index Ͼ50%, depending on the occluded segments. If a 100% recanalization index in one arterial segment was accompanied by a new occlusion in its distal segment, distal migration of the clot was diagnosed.
Imaging Assessment of Collaterals
On the admission CTA, the collateral flow was graded based on a prior reported scoring system on a scale from 0 to 3, 18, 19 and then dichotomized into poor (0/1) or good (2/3).
Imaging Outcomes
The follow-up infarct volume on the discharge/follow-up NCT slices matching the admission and reperfusion PCT slices was recorded.
The infarct growth was calculated as the follow-up infarct volume on the discharge/follow-up NCT slices matching the admission PCT slices minus the volume of infarct core on the admission PCT slices.
The salvaged penumbra was calculated as the total volume of MTT abnormality on the admission PCT slices minus the follow-up infarct volume on the discharge/follow-up NCT slices matching the admission PCT slices.
Statistical Analysis
To check for a possible bias introduced by different imaging times, Wilcoxon rank-sum tests were used to compare patients with recanalization and with reperfusion against those without in terms of time from admission CT to "recanalization/reperfusion" CT and discharge or follow-up CT.
To assess the influence of recanalization status on reperfusion indices, t test comparison was used to compare the patients with and without recanalization in terms of CBV, CBF and MTT reperfusion indices.
Kruskal-Wallis analysis of variance was used to assess the influence of recanalization status on MTT reperfusion indices, when stratified by collateral scores.
To assess the predictive value of reperfusion, recanalization, and collateral flow, the imaging outcomes (follow-up infarct volume, infarct growth, and salvaged penumbra) and the clinical outcomes (discharge mRS) were considered successively. For each outcome, univariate analysis was performed to evaluate the predictive value of the imaging and clinical variables. Subsequently, a multivariate mixed effect model involving forward-stepwise selection with a significant threshold set at 0.05 was built from the variables that had a univariate probability value Ͻ0.2. The model further included interaction terms between recanalization/reperfusion and volume of baseline penumbra. Variables such as volume of baseline penumbra, recanalization indices, and reperfusion indices were first considered as continuous variables; subsequently, different thresholds for dichotomization were tested, and the ones providing the same statistical significance as the continuous variables were retained.
Results
Patients and Imaging Studies
Twenty-two patients (8 male and 14 female) admitted at our institution from July 2006 to July 2008 were retrospectively identified meeting the inclusion criteria. Patient age was 69Ϯ14 years (meanϮSD). Mean time from symptom onset to admission was 2.2Ϯ2.5 hours (rangeϭ0.5 to 5.6 hours); and mean time from symptom onset to admission stroke CT study was 3Ϯ2.7 hours (rangeϭ1 to 12 hours). All admission stroke CT were obtained before treatment. Recanalization/reperfusion stroke CT protocol was performed a mean time of 25 hours (rangeϭ4.7 to 60 hours) after the admission stroke CT protocol; and the discharge or follow-up noncontrast CT was performed a mean time of 31 days (rangeϭ1 to 210 days) after the admission stroke CT protocol (Table 1) .
Median admission NIHSS was 14 (interquartile rangeϭ10.5 to 17). Median discharge NIHSS was 4 (interquartile rangeϭ2.25 to 8.75). Median discharge mRS was 2 (interquartile rangeϭ1 to 4).
Ten patients received tPA only (between 1 and 4.5 hours after symptom onset). Two patients were treated using the MERCI clot retrieval device (between 2 and 5 hours after symptom onset). Seven patients were given tPA first (between 1 and 4 hours after symptom onset) and subsequently treated using the MERCI clot retrieval device (between 1.5 and 5 hours after symptom onset). Three patients received supportive care without treatment by tPA or the MERCI clot retrieval device.
Assessment of Admission Infarct Core, Penumbra, and Reperfusion
Volume of CBV abnormality (also considered as volume of infarct core) on the admission PCT slices was 33.1Ϯ32.0 mL. Volume of CBF abnormality on the admission PCT slices was 101.3Ϯ52.6 mL. Volume of MTT abnormality on the admission PCT slices was 114.6Ϯ62.5 mL. Volume of penumbra on the admission PCT slices was 81.5Ϯ47.0 mL.
CBV index of reperfusion was 54%Ϯ59% (range: Ϫ78% to 100%). CBF index of reperfusion was 56%Ϯ41% (Ϫ27% to 100%). MTT index of reperfusion was 65%Ϯ35% (2% to 100%).
Site and Degree of Occlusion, Recanalization, and Collaterals
On the admission CTA study, 19 of 22 patients had an acute arterial occlusive lesion. One patient had only carotid occlusions, 15 had only MCA occlusions, and 3 had both carotid and MCA occlusions. The ICA was occluded in 3 patients, the supraclinoid ICA was occluded in 4 patients, the M1 segment was completely occluded in 14 patients and partially occluded in 1 patient, and the M2 segment was completely occluded in 9 patients and nearly completely occluded in 2 patients. In the 3 remaining patients, no arterial occlusive lesion could be detected on the admission CTA study, but PCT findings were consistent with acute stroke.
Recanalization was achieved in 11 of the 15 patients who had only MCA occlusions, and in 1 of the 3 patients with both carotid and MCA occlusions.
Distal migration of the clot was diagnosed in 2 patients, both with complete M1 occlusion on the admission CTA and occlusion of M2 branches on the recanalization CTA study.
On the admission CTA study, 7 patients had poor collateral flow and 17 patients had good collateral flow.
Follow-Up Infarct Volume, Infarct Growth, and Salvaged Penumbra
The follow-up infarct volume on the slices matching the admission/reperfusion PCT slices was 50.3Ϯ58.1 mL. The infarct growth matching the admission/reperfusion PCT slices was 17.2Ϯ40.1 mL. The salvaged penumbra matching the admission/reperfusion PCT slices was 51.0Ϯ50.4 mL.
Relationship Between Recanalization, Reperfusion, and Collateral Score
Patients with recanalization had higher CBV (Pϭ0.16), CBF (Pϭ0.04), and MTT (Pϭ0.18) reperfusion indices ( Figure 1) . However, not all patients with recanalization showed reperfusion ( Figure 2 ).
Patients with recanalization had high MTT reperfusion indices, regardless of their collateral score. On the other hand, among patients with no recanalization, those with good collateral score were more likely to have higher MTT reperfusion indices (Pϭ0.11) than the patients with poor collateral score, although a statistical significant difference was not achieved (Figure 3 ). Similar observations were made for the CBF and CBV reperfusion scores.
Prediction of Imaging and Clinical End Points
In terms of the prediction of the follow-up infarct volume on the slices matching the admission and reperfusion PCT, the univariate analysis (Table 2 ) demonstrated the following variables to be statistically significant: admission NIHSS, volume of admission infarct core, volume of penumbra, MCA occlusion, CBF and MTT reperfusion indices ( Figure 4A ). These variables were considered for the multivariate analysis. Because they were the focus of the present study, we also included carotid recanalization and MCA recanalization in the multivariate analysis ( Figure 4A ). Because recanalization and reperfusion may theoretically save penumbra but not already established infarct, we also included the interaction terms between penumbra and recanalization or reperfusion status. Only the interaction terms between penumbra and reperfusion indices were statistically significant in the univariate analysis. Finally, because the CBF and MTT reperfusion indices were highly correlated, we only considered the MTT reperfusion index in the multivariate analysis.
In the multivariate analysis (Table 3) , only 2 variables were identified as significantly associated with the follow-up infarct volume on the slices matching the admission and Absence of reperfusion, even in the setting of complete recanalization, may result in a large follow-up infarct volume. A, Axial noncontrast CT performed on admission (2.5 hours after onset of symptoms) shows subtle hypoattenuation of the right putamen but no sulcal effacement in the right MCA territory. B, Axial maximum-intensity projection image from CTA performed on admission shows occlusion of the M1 segment of the right MCA (arrow). PCT maps show decreased CBV and CBF in the right frontal and temporal lobes and a larger region of prolonged MTT that also involves the right ACA territory. The region of decreased CBV corresponds to the infarct core, whereas the surrounding mismatch region of prolonged MTT represents the ischemic penumbra. The patient received endovascular thrombectomy with a MERCI device. C, Axial maximum-intensity projection image from CTA and PCT performed 6 hours after admission show that, despite complete recanalization of the right MCA, PCT maps show that the region of decreased CBV and CBF has expanded to include the right anterior ACA territory that was previously considered tissue at risk. MTT is still abnormally increased in the right superficial MCA territory and in a portion of the right ACA territory. D, Axial noncontrast CT performed 48 hours after admission shows marked hypoattenuation and edema in the territories matching the perfusion deficit on the reperfusion PCT. 
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reperfusion PCT: the volume of the admission infarct core and the interaction term between the MTT reperfusion index and the penumbra. We performed similar univariate and multivariate analyses for the other outcomes. Multivariate analyses showed the following variables to be significant: Recanalization status did not influence infarct growth ( Figure 4B ) and salvaged penumbra ( Figure 4C ). Patients with MTT reperfusion index Ͼ75% had smaller follow-up infarct growth (see Figure 4B ) and larger salvaged penumbra (see Figure 4C) .
Of note, the time intervals from symptom onset to scanning and treatment were tested as possible confounders, but they did not reveal significant.
Discussion
In this study, we provide evidence that reperfusion is a more accurate predictor of follow-up infarct volume than recanalization. Evidence for the accuracy of reperfusion is that patients with a MTT reperfusion index Ͼ75% were more likely to have smaller follow-up infarct volumes than patients with recanalization. Our results also indicate that collateral flow-although not by itself a predictor of follow-up infarct volume-may be a contributor to reperfusion in the absence of recanalization. Indeed, in patients without recanalization, those with good collateral flow had higher MTT reperfusion indices than those with poor collateral flow.
The predictive value of reperfusion in terms of follow-up infarct volume was more significant in patients presenting at admission with a large ischemic penumbra, as reflected by an interaction term between reperfusion and penumbra. In patients with no or limited penumbra (ie, no tissue that can be salvaged), the degree of reperfusion does not influence the follow-up infarct volume.
The reperfusion indices defined based on the MTT and CBF maps were highly correlated. We decided to focus on the MTT reperfusion index because MTT maps are easier to interpret, because there is no systematic difference in mean transit time between gray and white matter. Testing of different thresholds showed that a 75% or more resolution of the MTT abnormality was the optimal threshold to identify patients with reperfusion.
Our study emphasizes the conceptual distinction between recanalization and reperfusion by demonstrating their different predictive values. Several factors may contribute to explain the difference between recanalization and reperfusion. One of these factors may be distal embolization of thrombus, which may counter the benefits of endovascular therapies and has been reported to occur in up to 16% of patients. 10 Another potential factor is the no-reflow phenomenon. First described in the context of cerebral ischemia in 1967, 11 the no-reflow phenomenon occurs when the primary occlusion is resolved but distal tissue remains unperfused or inadequately perfused. Multiple closely related factors contribute to this phenomenon, including edema, microvascular damage, and microvascular obstruction. 20, 21 The potential discordance between recanalization and reperfusion may have interfered with the assessment of treatment success in prior stroke trials, where recanalization and reperfusion were considered together as exchangeable concepts. [22] [23] [24] We acknowledge several limitations to our study. Our follow-up infarct volume was not necessarily the final infarct volume, as imaging studies used to calculate the follow-up infarct volume were obtained relatively early (mean of 31 days). Of note, however, it has been shown that the final infarct volume does not change significantly after 30 days. 25 Conversely, recanalization/reperfusion imaging was obtained relatively late (mean of 25 hours), and recanalization/reperfusion observed at this stage may not have the ability to salvage viable ischemic tissue at risk. However, time from admission to recanalization/reperfusion imaging and to discharge imaging was not significantly different between the patients with and without recanalization, and between the patients with and without reperfusion. The timing in our retrospective study may not have been optimal, but it was similar in the compared groups, thus not introducing a bias in the analysis.
Another limitation in our study was the small number of enrolled patients, as well as its retrospective design. Also, we did not assess long-term clinical outcome. A prospective study could be designed to address this issue and validate our findings.
In conclusion, our study shows that reperfusion is a more accurate predictor of follow-up infarct volume than recanalization in patients with acute ischemic stroke. Future studies evaluating the efficacy of revascularization therapies for acute ischemic stroke should consider including an early assessment of post-treatment reperfusion, rather than relying solely on vascular imaging. We recommend a decrease of 75% or greater in the MTT abnormality volume to define reperfusion. 
